A comparative analysis of the transfer RNA genes in the genomes of the major kingdoms of eukaryotes and prokaryotes leads to the general conclusion that the rate of evolution of organelle tRNA genes is typically equal to or greater than that of their nuclear counterparts. Situations where this is not the case, most notably in vascular plants, are attributable to an elevated mutation rate in the nuclear genome. Through a comparison of rates of mutation with rates of nucleotide substitution, it is shown that there is a reduction in the efficiency of selection on new mutations in organelle genes. Numerous lines of evidence, including observed reductions in stem duplex stability and changes in loop sizes, suggest that the excess changes observed in the organelle genes are mildly deleterious. Uniparental inheritance of organelles causes a reduction in the efficiency of selection through the joint effects of an increase in linkage disequilibrium and a decrease in effective population size. These results provide molecular support for the idea that asexually propagating genomes are subject to long-term, gradual fitness loss and raise questions about the role of organelle mutations in the long-term survival of major phylogenetic lineages.
Introduction
It is now well known that small populations are subject to the gradual accumulation of deleterious alleles by mutation pressure and random genetic drift, and that the load from these mutations can eventually lead to population extinction. Populations reproducing by asexual means or by obligate self-fertilization are particularly vulnerable to deleterious mutations, because the likelihood of producing progeny with improved fitness is very low, requiring rare back mutations in the case of asexuals (Muller 1964; Felsenstein 1974; Lynch and Gabriel 1990; ) and the production of rare multilocus segregants in the case of self-fertilization (Lynch, Conery, and Biirger 1995a) . Unless such populations are enormous, they are expected to be highly vulnerable to extinction via deleterious-mutation accumulation within a few thousand generations or so.
In large outcrossing populations, the accumulation of deleterious mutations in the nuclear genome can be slowed substantially as segregation and recombination enable parents to produce progeny with reduced mutation load at polymorphic loci (Pamilo, Nei, and Li 1987; Charlesworth, Morgan, and Charlesworth 1993; Lande 1994; Lynch, Conery, and Burger 1995a, 1995b) . Nevertheless, because the genomes of most sexually reproducing organisms contain regions with little or no recombination (e.g., the mitochondrial genome in animals and, more generally, chromosomal regions near centromeres or telomeres), the possibility remains that even fairly large sexual populations may be vulnerable to deleterious-mutation accumulation in restricted, but critical, genomic regions (Hastings 1992; Gabriel, Lynch, and Biirger 1993) . Mutation rate considerations imply that the time scale over which demographic problems resulting from such mutations are likely to develop may be quite long. For example, known rates of synonymous nucleotide substitution (data presented below) imply a total genomic mutation rate for the animal mitochondrion that is on the order of 0.001%-l% of that in the nuclear genome on a per-generation basis. Several lines of evidence suggest that lineages of organelle genomes do indeed accumulate deleterious mutations. First, population surveys of mammalian and Drosophila mitochondrial genomes consistently indicate an excess of nonsynonymous (amino acid replacement) polymorphisms within species relative to expectations under a strictly neutral model (Ballard and Kreitman 1994; Nachman, Boyer, and Aquadro 1994; Rand, Dorfsman, and Kann 1994; Nachman et al. 1996; Rand and Kann 1996) . The favored interpretation of this observation is that recurrent mutation creates deleterious alleles with effects that are mild enough to allow drift to observable frequencies but strong enough to prevent fixation. However, it is hard to imagine why deleterious mutations that are capable of rising to observable frequencies would not also be subject to fixation. Mutations almost certainly have a continuous spectrum of effects, and those for which the selection intensity is much less than the reciprocal of the effective population size are essentially impervious to selection, despite their effects on individual phenotypes.
Second, comparative surveys indicate that the genes contained within endosymbiotic bacteria in insects exhibit a substantial increase in the rate of nucleotide substitution relative to that in free-living bacteria (Moran 1996; Moran, Von Dohlen, and Baumann 1996) . Like the animal mitochondrion, these endosymbiotic bacteria are inherited maternally, with effectively zero recombination and with substantial population bottlenecks occurring during transmission to host progeny. The excess rate of substitution appears to be largely due to a substantial increase in the nonsynonymous substitution rate, rather than to an elevation in the synonymous rate. Third, a substantial body of data points to a causal connection between mitochondrial mutations and a diverse array of human genetic disorders (Wallace 1992 (Wallace , 1994 Brown and Wallace 1994) . The mutational events responsible for human mitochondrial diseases range from deletions of large segments of the organelle genome to simple base substitutions in organelle protein and transfer RNA genes. Mildly deleterious alleles have been observed to have frequencies as high as 5%.
Fourth, a comparative study of the 20 isoaccepting sets of transfer RNA genes in the mitochondrial and nuclear genomes of a wide phylogenetic array of animals demonstrates a 5-to 20-fold increase in the rate of nucleotide substitution in the mitochondrion . This inflation in the substitution rate is not simply a consequence of an elevated mutation rate. As expected under the deleterious-mutation hypothesis, there is a higher probability of fixation once a mutation has occurred. Moreover, relative to their nuclear counterparts, the transfer RNAs of animal mitochondria exhibit: (1) a substantial reduction of stem duplex stabilities largely due to mutation pressure toward A-U versus G-C bonds, (2) a greatly elevated variance in loop sizes among taxa, and (3) an absence of invariant nucleotides at sites that are involved in the maintenance of tertiary molecular structure. Fearnley and Walker (1992) have also pointed out that the mitochondrially encoded subunits of mitochondrial protein complex I evolve much more rapidly than the nuclear subunits, but here the phenotypic consequences of mutational changes are not yet understood.
The investigation reported below extends the previous study of to the transfer RNA genes of the organelle and nuclear genomes of plants and fungi. The reason for the focus on transfer RNA genes (hereafter tRNAs) is that complete isoaccepting sets (one for each amino acid) of them are generally found in both organelle and nuclear genomes. Because the products of such genes have similar functions in their different genetic environments, the differences in their evolutionary properties are more easily interpreted than are those for proteins (with nonoverlapping functions) from the nuclear and organelle genomes. Large numbers of tRNA sequences have been recorded over the past several years, and the availability of sequences for each of the 20 isoaccepting sets provides a good degree of statistical replication in the analyses that can be performed. The extreme degree of evolutionary conservation of the primary, secondary, and tertiary structures of nuclear and prokaryotic tRNAs (Sol1 and RajBhandary 1995) implies that natural selection plays a very important role in maintaining the optimal molecular architecture of these genes.
The organelle genomes of plants and fungi almost certainly experience substantially more recombination than do those of animals, as evidenced by their more frequent rearrangements of gene order (Wolstenholme and Jeon 1992; Gillham 1995) as well as by direct empirical study (reviewed in Birky 1995) . However, it is unclear whether such recombination has much, if any, influence on the accumulation of deleterious mutations. As in animals, the organelle genomes of plants and fungi are most commonly inherited uniparentally or nearly so, although the frequency of biparental inheritance seems to be higher in plants and fungi (Gillham 1995) . If a recombination event is to produce an offspring molecule with improved fitness, each parental molecule must have at least one deleterious mutation at a unique site. Thus, unless heteroplasmic lineages of organelles within plants and fungi with uniparental inheritance are preserved for very long periods of time (on the order of thousands of generations), which appears to be ruled out by empirical evidence (Birky 1995) , or unless biparental inheritance commonly combines different organelles into the same individual, recombination may have very little impact on the accumulation of deleterious mutations. Under this hypothesis, the types of changes observed in animal mitochondrial tRNAs should extend to those in plant and fungal organelles, unless the mutational and/or selection properties of the latter are radically altered.
In addition to summarizing the evolutionary properties of tRNAs in the three major eukaryotic kingdoms, the following analyses also consider the situation in the eubacteria and archaea, the putative progenitors of organelle and nuclear genomes, respectively. Although they are predominantly asexual, microbial populations are typically enormous (many of orders of magnitude larger than those of multicellular organisms), and because their genomic deleterious mutation rate is on the order of only 10-j to 10e2 per cell division (Drake 199 1; Kibota and Lynch 1996) , the accumulation of deleterious mutations by random genetic drift is expected to be of minor importance in most free-living populations of these organisms.
Methods

Source of Data
The following analyses are based on tRNA sequence comparisons across 26 taxonomic groups, ranging from various orders of mammals to phyla of invertebrates to the major kingdoms of eukaryotes and prokaryotes ( fig. 1 ). All organelle, nuclear, and prokaryotic sequences that were available as of February 1996 were accessed from the GenBank and EMBL data repositories. The complete set of accession numbers and aligned sequences is available from the author on request. The entire data set consists of approximately 3,200 sequences, including those from 44 completely sequenced organelle genomes and two completely sequenced eubacterial genomes. Due to their uncertain but polyphyletic nature, algal and protozoan sequences were not included in the analyses. All fungal sequences employed in the following analyses are derived from ascomycetes, and two types of contrasts were considered in the estimation of relative substitution rates-filamentous forms versus yeasts, and Saccharomyces cerevisiae versus Schizosaccharomyces pombe.
All tRNAs were classified according to their anticodons, and when the data existed, separate analyses were first performed for each anticodon set and then averaged to give a result for each of the 20 isoaccepting (amino acid) sets of tRNAs. For the mitochondrial genome, sequences from multiple taxa were usually available for each isoaccepting set of tRNAs for all of the eukaryotic groups in figure 1 except gymnosperms. Chloroplast sequences, often derived from multiple taxa, were also available for each isoaccepting set for both dicotyledonous and monocotyledonous angiosperms, but not always for gymnosperms.
The mitochondrial and chloroplast genomes of the liverwort (Marchantia) have been completely sequenced. However, as there are no nuclear sequences available for this lineage, these sequences were not employed in the comparative analysis of evolutionary rates. For both eubacteria and archaea, multiple (often more than five) sequences were available for each isoaccepting set. The data for nuclear genes are more limited, being confined in animals to ungulates (cow), primates (human), rodents (rat and mouse), birds (chicken), frogs (Xenopus laevis), arthropods (Bombyx mori and Drosophila melanogaster), and nematodes (Caenorhabditis elegans), to a degree that varies among tRNA sets. Nuclear sequences are only available for both monocots and dicots within seven isoaccepting sets, and gymnosperm nuclear sequences are essentially nonexistent.
In the contrasting fungal groups, the data are more extensive, although there are still some isoaccepting sets for which the data are not complete. Despite these limitations, the overall data set is still large enough that highly significant results are obtainable when analyses are averaged over all available isoaccepting sets. In the nuclear and prokaryotic genomes, a cloverleaf secondary structure containing four stems and four loops is conserved across all tRNAs. Exceptions can be found in animal mitochondria, where, for example, the Ser-AGY tRNA is missing the dihydrouridine stem-loop structure, and the T+C stem-loop structure is absent from most nematode and some molluscan mitochondrial tRNAs. Alignment of tRNA sequences is greatly facilitated after the individual sequences are subdivided into these secondary structural features. Taking structural considerations as well as the phylogenetic relationships among taxa into account ( fig. l) , all sequences were aligned by eye within and among the 20 tRNA sets. Except in the case of the loops of some animal mitochondrial genes, the alignments are straightforward.
Assumed Phylogenetic Tree
In numerous analyses in this paper, means of various phylogenetic properties are reported, e.g., nucleotide usage, average stability of stem binding, and average loop sizes. So as not to give excess weight to highly represented taxa, the nonindependence of phylogenetic data was taken into account by use of the generalized least-squares approaches presented in Lynch and Jarrell (1993) . Implementation of these procedures requires a phylogenetic tree with quantitative estimates of times of divergence at the various nodes ( fig. 1) .
The topology employed for vertebrates is identical to that presented in , with a few additions: (1) a branch for insectivores has been inserted into the mammalian clade to allow for the recently sequenced hedgehog mitochondrial genome (Krettek, Gullberg, and Arnason 1995) ; (2) branches for crocodilians and squamates have been added, as a number of sequences have become available for multiple taxa in these groups; and (3) a branch for lungfish has been added to allow for its recently sequenced mitochondrial genome (Zardoya and Meyer 1996) . The dates of the nodes in this phylogeny were inferred from data in the fossil record, as referenced in . The topology is also consistent with a broad range of recent studies in molecular systematics (Kumazawa and Nishida 1993; Hedges 1994; Janke et al. 1994; Horai et al. 1995; Zardoya and Meyer 1996) . For the invertebrate phyla employed in this study, echinoderms can be confidently placed as a sister taxon to vertebrates. Nematodes are generally placed outside of arthropods, molluscs, and annelids on morphological grounds. However, there is still no consensus on the branching order of the latter three phyla (Field et al. 1988; Lake 1990; S&ram 1991; Valentine 1992; Nielsen 1994; Boore et al. 1995; Halanych et al. 1995) . The first fossil metazoans date to about 580 MYA (Signor and Lipps 1992; Bowring et al. 1993; Morris 1993) , with trace fossils appearing somewhat earlier, and all major phyla are represented in the fossil record by 550 MYA. Whatever the correct branching order, the phylogenetic diversification of the major animal lineages was rapid relative to the time of origin of these groups. Thus, I have simply taken 600 MYA to be the point of radiation of the major animal lineages. Although Wray, Levinton, and Shapiro (1996) have recently argued on molecular grounds that this point of divergence is more on the order of 1 BYA, this conclusion is controversial.
In any event, although the true divergence times between animal lineages may deviate somewhat from the times I have assumed, this will not influence the qualitative conclusions that emerge below, as most of these depend only on relative rates and are not dependent on dating.
Based on data in the fossil record, the splits between gymnosperms and angiosperms and between dicots and monocots appear to be approximately 245 and 145 MYA, respectively (Doyle and Donoghue 1993; Crane, Friis, and Pedersen 1995) , although some debate on this issue still exists (Laroche, Li, and Bousquet 1995) . Little can be said about divergence times within fungi, and when estimating average properties of that clade, I have simply averaged the means observed for filamentous ascomycetes and yeasts under the assumption that these two groups are monophyletic.
With respect to the divergence of the animal, fungal, and plant kingdoms, the substantial molecular database still yields no absolute consensus on the relative branching order (Wainwright et al. 1993; Nikoh et al. 1994; Gupta 1995; Saccone et al. 1995; Doolittle et al. 1996) . Fossil evidence strongly suggests that the eukaryotic lineage was present as early as 1.7 to 1.9 BYA, although the animal/fungal/plant splits seem to have occurred in the window of 1.0 to 1.1 BYA (Knoll 1992; Shixing and Huineng 1995) . As the latter dates are corroborated by projections from molecular clocks (references cited above), I have simply illustrated 1.1 BYA as the point of the unresolved trichotomy in figure 1. However, this particular date is irrelevant to the analyses in this paper, which focus on evolutionary changes within the three major eukaryotic clades.
Finally, it is notable that the relative branching order of eubacteria, archaea, and eukaryotes is also a point of major contention (Golding and Gupta 1995; Saccone et al. 1995; Doolittle et al. 1996) . Fossil data (Schopf 1994) , combined with molecular observations, suggest that the major divergences occurred within the window of 1.9 to 2.2 BYA, and I have used 2.0 BYA to approximate the time of divergence between eubacteria and archaea. Estimates of the average features of eubacterial and of archaeal tRNAs were simply taken as unweighted averages of all the observations within each group.
Rates of Nucleotide Substitution and Molecular Features
To estimate the rate of nucleotide substitution in the various structural components of the tRNA molecule, the generalized least-squares regression method of Lynch and Jarrell (1993) was employed whenever more than two phylogenetic groups were involved. This method involves the regression of estimates of the number of substitutions per site on the times of divergence between pairs of taxa. Unlike ordinary least-squares analysis, the technique attempts to account for statistical problems arising from the nonindependence and heteroscedasticity of comparative data by utilizing information on the sampling variance-covariance structure of the pairwise data to correctly weight the individual observations. To account for multiple substitutions per site, the series expansion equation (1) of was employed as an estimator of the mean number of substitutions per site. For very short sequences, such as stems and loops of tRNA molecules, the series expansion approach is advantageous, because it reduces bias in estimates of genetic distance that can result with expressions that ignore sampling bias . It also eliminates the possibility of undefined distance estimates that can arise when an observed divergence exceeds the asymptotic expectation by chance. For use in the computation of substitution rates, estimates of 1, (the fraction of shared nucleotides that is expected to be approached over very long evolutionary time scales) were obtained for each of the four stems and four loops for all of the organelle and nuclear lineages on the phylogenetic tree in figure 1 following . To accomplish this, the lineage-specific frequencies of usage of the four nucleotides were first determined, and the mean nucleotide frequencies of adjacent taxonomic groups were then pooled when differences were not significant. These were converted into pairwise asymptotic identities using equation (9) of Lynch and Jarrell(1993) .
Generalized least-squares estimation utilizes an iterative procedure which occasionally does not converge on the final parameter estimates when the number of taxonomic groups is small. For cases in which that occurred, ordinary least-squares analysis was performed. Although such analysis yields incorrect sampling variances when data are nonindependent, the estimates themselves should not be biased. For the rare occasions in which negative estimates of the substitution rate were obtained (as a consequence of a negative regression slope resulting from sampling error), the slope was reevaluated by regression through the origin. For situations in which only two phylogenetic groups were involved, the average rate of substitution per site was estimated by
where D, is the distance statistic estimated using equa- , and Tij is the time to the most recent common ancestor of taxa i and j. In all substitution rate analyses, average substitutional distances between all possible pairs of sequences across taxonomic groups was used as the unit of analysis. For example, if three ungulate and four primate sequences were available, the ungulate-primate distance D would be estimated as the average of the 12 sequencespecific differences. Moreover, in an attempt to account for the potential heterogeneity of substitution rates among different portions of the molecule, separate analyses were performed on each stem and on each loop, with the three anticodon nucleotides being excluded in the analyses of anticodon loops. Standard errors for all estimated parameters in this paper were obtained by treating the results obtained for each of the 20 tRNA families as independent estimates and then employing the standard formula for a standard error.
Stem duplex stabilities, loop sizes, and frequencies of pair bonds used in stems were computed as described in .
Width of the Selective Sieve
Since the rate of molecular evolution is a function of both the mutation rate and the efficiency of selection, interpretations of observed rates of substitution need to consider the rate expected in the absence of selection. For protein-coding genes, the usual approach is to compare the rates of synonymous and nonsynonymous substitution, the former serving as an estimate of the neutral rate of molecular evolution, which ideally is equivalent to the mutation rate for nucleotide substitutions.
I will refer to the ratio of the observed substitution rate in tRNA genes to the rate of synonymous substitution in protein-coding loci as the width of the selective sieve, with ratios approaching one implying a low efficiency of selection on the tRNA genes and ratios approaching zero implying strong purifying selection.
Rates of synonymous substitution between selected taxonomic groups were estimated by focusing only on four-fold degenerate sites, i.e., on codon pairs that were identical between taxa in the first two positions and for which the nucleotide in the third position does not affect the reading of the genetic code. Although more complex methods exist for the estimation of the synonymous substitution rate (Goldman and Yang 1994; Muse 1996 ; and references therein), many of them are biased, whereas the method adhered to here yields essentially unbiased results (Comeron 1995) . The synonymous rates in animal, fungal, and plant mitochondria were determined by averaging results over each of the protein-coding genes in these genomes, whereas that for the chloroplast was obtained by using a sample of 25 of the approximately 100 genes in this genome. Those for the animal, fungal, and plant nuclear genomes were obtained as averages of 25 haphazardly procured genes from GenBank (available from the author on request mammalian nuclear genome, the average rates for primates, rodents, and artiodactyls given in Li and Graur [ 199 13, Easteal and Collet [ 19941, and Ohta [ 19951 were used; collectively, these studies have surveyed several dozens of loci, and all three studies have obtained very similar results). For the estimate of the prokaryotic rate, I averaged the estimates provided by Berg and Martilius ( 1995) and Moran, von Dohlen, and Baumann ( 1996) , both based on the divergence of Escherichia and Salmonella.
Results
Rate of Sequence Evolution
As reported in , the average rate of nucleotide substitution is exceptionally high in mammalian mitochondrial tRNAs, being on the order of eight times that in mammalian nuclear tRNAs ( fig. 2 ). Relative to the situation in the mammalian mitochondrion, the substitution rate in the bird-reptilian mitochondrial lineage is reduced approximately two-fold, while that in anamniotes exhibits a three-fold reduction.
There is little heterogeneity in the substitution rate for nuclear tRNAs in animals, as the rates for mammals and invertebrates are not significantly different ( fig. 2) . Moreover, the low rates observed in these taxa are not significantly different from those found in prokaryotes, approximately 0.14 substitutions per site per billion years. Relative to prokaryotes, the rate of substitution in chloroplast tRNAs is elevated slightly (to approximately 0.21 substitutions per site per billion years). The rates in the plant mitochondrial and nuclear genes are inflated by a factor of four, making them comparable to the level observed in the invertebrate mitochondrial lineage, although the standard errors for the plant rates are relatively high. As in animals, the mean rate of substitution in fungal mitochondrial tRNAs tends to be inflated with respect to that in the nuclear genes-the mean numbers of substitutions/site (with standard errors in parentheses) separating filamentous ascomycetes and yeasts are 0.58 mulation of non-preferred pairs, with the efficiency of selection against A-U/U-A pairs being substantially weaker than that against complete mismatches . An alternative possibility is that selection favors different architectures for tRNA molecules in mitochondrial and cytoplasmic environments.
To evaluate the likelihood of these alternative explanations, I followed a suggestion of D. Butcher (personal communication). Under the deleterious-mutation hypothesis, one would expect to observe an increase in the variance of binding strength among different mitochondrial genes in the same taxon (relative to that among nuclear genes), as different genes would randomly accumulate different numbers and types of mutations. This would not necessarily be the case if stabilizing selection simply favored a different average binding strength in the mitochondrial genes.
(0.03) and 0.37 (0.05) for mitochondrial and nuclear tRNAs, respectively, while for the separation of S. cerevisiae and S. pombe they are 0.41 (0.04) and 0.36 (0.04).
Stem Stability
The average total binding strengths of the stems of eukaryotic nuclear tRNAs and chloroplast tRNAs are all very similar, on the order of 21 kcal/mol (as estimated for 37OC, 1 M NaCl) ( fig. 3 ). This is significantly less than the binding strengths of archaeal and eubacterial stems, which average 27 and 24 kcal/mol, respectively. More pronounced is the great reduction in the binding strength of the mitochondrial tRNAs. As noted in , the total binding strength of animal nuclear tRNA stems averages about 2.3 times higher than that for their mitochondrial counterparts. The ratio is also significantly greater than one in the other eukaryotic lineages-l .6 in fungi, but only 1.1 in plants. The great reduction in the duplex stability of animal and fungal mitochondrial tRNA stems, and to a lesser extent in plant mitochondrial tRNAs, is primarily a consequence of an increase in the incidence of A-U/U-A versus G-C/C-G bonds (table 1) . A-U pairs involve two hydrogen bonds, while G-C pairs involve three. The frequency of usage of these two types of bonds is essentially the same in all nuclear lineages and in eubacteria, with G-C/C-G bonds outnumbering A-U/U-A about 2.5 fold. A further elevation in the incidence of G-C/C-G bonds in archaeal tRNAs is responsible for their exceptionally high duplex stability. In addition to their elevated incidence of weaker bonds, mitochondrial tRNA stems exhibit a slight increase in the incidence of nonWatson-Crick pairs, particularly in animals, but mismatches in eubacteria are also common.
One potential evolutionary scenario for the reduced binding stability of mitochondrial tRNA stem duplexes is that reduced efficiency of selection causes an accuMutation Accumulation in Transfer RNA Genes 919 Table 1 Frequency
of Usage of Nucleotide Pairs in tRNA Stems
For all species for which at least seven tRNA genes were sequenced, coefficients of variation (CV, the ratio of standard deviation to mean) were computed for the binding strengths of each of the four stems. Using generalized least-squares analysis, the average CVs were then computed for the various phylogenetic lineages. The final results reported in table 2 are averages over the four stems. The average within-species CV for the animal mitochondrial genes is on the order of three to five times that for animal nuclear genes. There is about a two-fold inflation in the CV of fungal mitochondrial versus nuclear genes, whereas the CVs for the genes in all three plant genomes are not significantly different. The CVs for prokaryotes are slightly lower than those for the nuclear genes.
Loop Sizes
As noted in , animal mitochondrial tRNAs exhibit average net reductions in the sizes of the dihydrouridine, T$C, and variable loops of one to two nucleotides ( There are no significant differences in average loop sizes in the three plant genomes, all of which, like the animal and fungal nuclear genomes, exhibit average loop sizes that are essentially identical to those of eubacteria.
As was the case for stem duplex stability, there is a substantial inflation in the within-species CV of loop sizes in animal mitochondrial versus nuclear tRNAs (table 4). The animal nuclear tRNAs, as well as those of all plant and fungal lineages, have CVs for loop sizes that are not significantly different from those in prokaryotes.
Width of the Selective Sieve
The differences in the rates of molecular evolution reported above are potentially functions of both differences in the mutation rate and differences in the efficiency of selection against newly arisen mutations. As can be seen in table 4, there is an approximately lo-fold range in the rate of synonymous substitution (an estimate of the mutation rate) among major phylogenetic lineages. In animals, the mutation rate is elevated in the mitochondrial genome relative to that in the nuclear genome. However, in both plants and fungi, the mutation rate appears to be substantially higher in the nuclear genome, more than lo-fold higher in the case of plants. Clearly, any mechanistic interpretation of the variation NOTE.-Standard errors are given in parentheses. All synonymous substitution rate estimates are in units of substitutions/site/billion years except those for yeast, which are simply the estimated numbers of substitutions per site. Rates for mammals are derived from sequences for primates, rodents, and artiodactyls; those for anamniotes are derived from sequences of fish and amphibia (primarily Xenopus); those for invertebrates are derived from sequences of arthropods, mollusts, and nematodes (primarily Drosophila and Cuenorhabditis for nuclear genes); and those for plants are derived from comparisons of monocots and dicots. Nuclear tRNA data are insufficient for the computation of a substitution rate in anamniotes. All rates are computed using the divergence dates outlined in figure 1.
in substitution rates among phylogenetic lineages needs to take this variation in the mutation rate into account.
The ratio of the observed substitution rate in the tRNA genes relative to the synonymous rate provides a measure of the efficiency of selection against the fixation of mutations, as it estimates the fixation probability of a newly arisen mutation relative to the neutral case. For prokaryotes and for the animal and plant nuclear genomes, this ratio falls in the narrow range of 0.07-0.09. In other words, the average rate of nucleotide substitution in tRNA genes in these genomes is on the order of 8% of the neutral expectation. Relative to the situation in the nuclear genome, the width of the selective sieve is significantly elevated in the organelle genomes of all major lineages (table 4). For example, in both mammals and fungi, the width of the sieve is approximately 2.5 times greater for the mitochondrial genes than for genes in the nucleus. In plants, the width of the sieve is inflated by 33% in the chloroplast and approximately lo-fold in the mitochondrion.
It should be emphasized that as ratios these results do not depend on the dates assumed in the phylogenetic analysis.
Discussion
The analyses presented above indicate that rates of nucleotide substitution in the tRNA genes of organelles for animals and fungi are equal to or greater than those of their nuclear counterparts, whereas those for the three plant genomes are statistically indistinguishable.
The reported differences between organelle and nuclear genes are likely to be underestimates for the following reason: Whereas the tRNA genes in organelles are generally present in single copies, those in the nuclear genome essentially always occur in multigene families. Thus, the lineages of the nuclear tRNA sequences analyzed in this study may somewhat predate the nodes on the assumed phylogenetic trees, in which case the rates of nucleotide substitution would be overestimated.
The inflated substitution rate in animal and fungal organelle tRNA genes occurs despite the fact that the mutation rate in the nuclear genome is typically equal to or greater than that in organelles (mammals being an exception).
Scaling the observed substitution rates by the synonymous substitution rate provides insight into the efficiency of selection in the different genetic environments. Comparing the widths of the selective sieve reported in table 4, relative to the situation with nuclear genes, the fixation probabilities for mitochondrial genes can be seen to be inflated by factors of 2.6 in mammals, 3.8 in invertebrates, 13.1 in plants, and 2.5 in fungi, whereas those for chloroplasts are inflated by a factor of 1.3. Thus, similar substitution rates arise for fungal nuclear and mitochondrial genes because the reduction in the efficiency of selection against mitochondrial mutations is roughly balanced by the elevated mutation rate in the nuclear genome. For similar reasons, comparable rates of substitution occur in the tRNAs of all three plant genomes despite the great elevation in the mutation rate of the plant nuclear genome. In mammalian tRNAs, the elevated rate of substitution in the mitochondrial genes is a consequence of both an increase in the mutation rate and a reduction in the efficiency of selection.
An analysis of the contributions of the mutation rate and selection efficiency to the rate of molecular evolution is particularly revealing in the case of plant mitochondrial tRNAs. Unlike animal tRNAs, these genes do not exhibit gross abnormalities.
They evolve at about the same rate as plant nuclear tRNAs, and the binding strength of their stems and the sizes of their loops are comparable to those for the nuclear tRNAs. This relative evolutionary stability of the plant mitochondrial genes appears to be largely attributable to an extraordinarily low mutation rate, which is less than a third of that seen in any other major lineage and only 7% of that observed in the plant nuclear genome (table 4) . Remarkably, the width of the selective sieve for plant mitochondrial tRNAs is not significantly different from one, suggesting that these genes are evolving at the neutral rate. It should be kept in mind, however, that estimates of the width of the selective sieve may be inflated if the synonymous substitution rate is significantly less than the mutation rate. In any event, these results suggest the need for empirical studies to investigate whether plants can function in the absence of mitochondrially encoded tRNAs. It may be no coincidence that, unlike the situation in animals and most fungi, plant mitochondria import some nuclear-encoded tRNAs (Boer and Gray 1988; Marechal-Drouard et al. 1990; Marechal-Drouard, Weil, and Guillemaut 1990) . Several observations are consistent with the idea that a significant fraction of the excess changes observed in the organelle genes are mildly deleterious.
For example, the reduction in the binding stability of the stem duplexes of organelle tRNAs suggests that their functional integrity may be compromised.
The general reduction in stem stability in mitochondrial tRNAs is largely a consequence of the accumulation of A-U bonds at the expense of G-C bonds and, to a lesser extent, an increase in mismatches. It is unclear why such shifts are not observed in the chloroplast genes. Nevertheless, such changes are consistent with a prevailing pressure of mutations resulting from DNA damage to A/T-rich genomes (Jermiin et al. 1994; Martin 1995) . The analyses performed herein are not entirely satisfactory in that they are based on an assay of two-rather than threedimensional molecular structure. However, results previously presented imply that the conclusions based on the two-dimensional structure very likely extend to the level of tertiary structure-base pairs involved in tertiary binding that are evolutionarily invariant in nuclear tRNAs are not conserved in animal mitochondrial tRNAs .
The fact that the properties of the nuclear tRNAs of the three major kingdoms are broadly similar to those of prokaryotes implies that purifying selection toward a specific molecular architecture must be very strong for these genes, and that the optimal molecular architecture must be roughly constant across a very broad range of ecological/genetic settings. Nuclear, eubacterial, and archaeal tRNAs have similar loop sizes, similar stem properties, similar nucleotide usages, and even similar evolutionary rates. Thus, the organelle environment, especially that of the mitochondrion, either presents an unusual selective regime that fosters deviant tRNA architectures or provides a setting in which selection against deleterious mutations is relaxed.
Two observations seem most consistent with the latter hypothesis. First, the plant organelles (the mitochondrion in particular), which experience low mutation pressure (table 4) , have tRNAs with properties that are close to those seen in the plant nuclear genome. Given the billion or so years of evolution of the plant lineage, ample opportunities have existed for the appearance of mutations that could have moved the properties of plant organelle tRNAs toward those in animal and fungal mitochondria, were such changes beneficial. Second, the elevated variance in the binding stability and loop sizes of organelle tRNAs within taxa is consistent with the idea that different tRNA molecules randomly accumulate different numbers and types of mildly deleterious mutations. An alternative explanation for this observation is that the phenotypic optimum for mitochondrial tRNAs varies among isoaccepting groups, but then one must explain why such variable selection would be unique to organelles. Elsewhere , I have shown that the elevated variance in animal mitochondrial tRNA properties appears across, as well as within, taxa.
An important caveat here, and indeed in all studies in molecular evolution that rely on gene sequences, involves the assumption that the properties of mature gene products can be inferred directly from sequences at the DNA level. Posttranscriptional editing has not been reported for any fungal organelle tRNA. Although RNA editing is common in plant mitochondrial protein genes, 922 Lynch it appears to be rare in the rRNA and tRNA genes of this genome (Bass 1993) . Marechal-Drouard et al. (1993) have demonstrated the editing of a C-A mismatch to U-A in the acceptor stems of tRNAPhe in bean and potato, whereas U-U mismatches go unrepaired. Editing has also been documented in the anticodon site of the mitochondrial tRNA for aspartic acid in the opossum (Janke and Paabo 1993; M&l, Darner, and Paabo 1995) , as well as in the acceptor stems of mitochondrial tRNAs in the platypus (Yokobori and Paabo 199%) and in land snails (Yokobori and Paabo 199%) . In these cases, some A-(not U) mismatches were found to be modified to Watson-Crick base pairs via the appropriate substitution for A, but editing of one mismatch to another mismatch was also observed.
The documented occurrence of editing raises the possibility that some of the deleterious structural attributes of organelle tRNAs that I have pointed to may be exaggerated.
However, it is clear that editing does not play a universal role in correcting the structural deviations of organelle tRNAs. With one exception (the anticodon site of opossum tRNA*"p), editing has only been observed in acceptor stems, and there, as noted above, it is not perfect. Molecular studies have shown that the highly unusual tRNA structures predicted from nematode mitochondrial gene sequences are compatible with observations on mature tRNAs (Okimoto and Wolstenholme 1990) . Finally, two instances of editing have been recorded for animal nuclear tRNAs (Diamond et al. 1990; Beier et al. 1992 ). Thus, the limited available data suggest that if the estimates given above for binding strengths of organelle and nuclear stem duplexes are quantitatively biased, their relative values are not likely to be qualitatively incorrect. Two aspects of the population structure of organelle genes predisposes them to the accumulation of deleterious mutations.
First, genomes that replicate without recombination are subject to the build-up of substantial linkage disequilibrium, which interferes with the eradication of deleterious mutations as well as with the fixation of beneficial mutations (Muller 1964; Felsenstein 1974; Haigh 1978; Pamilo, Nei, and Li 1987; Charlesworth, Morgan, and Charlesworth 1993; Stephan, Chao, and Smale 1993; Higgs 1994; Lynch, Conery, and Burger 1995a, 199%) . For populations that are smaller than many tens and perhaps hundreds of thousands of individuals, an essentially irreversible process of deleterious-mutation accumulation results, whereby the progressive stochastic loss of the currently most fit genome leads the population down a path toward extinction (Lynch and Gabriel 1990; Lande 1994; Lynch, Conery, and Burger 1995a, 1995b) . Only obligately asexual populations that are large enough to offer substantial opportunities for back or compensatory mutations can escape Muller's ratchet. The long-term survival of bacterial populations and their ability (as illustrated above) to maintain an exceptionally high degree of functional integrity of their molecules may be a simple consequence of their enormous population sizes. However, it is also true that most microbes are not obligately asexual, as ameiotic means for exchanging genes.
Second, due to the haploid nature of nomes and their uniparental inheritance, they possess organelle gethe effective population sizes for organelle genes are lower than those for nuclear genes, and this can further elevate the probability of fixation of deleterious mutations. A rough idea of the magnitude of this effect can be obtained by considering the standard diffusion approximation for the fixation of a mildly deleterious mutation (Crow and Kimura 1970) , which assumes additive gene effects. For an ideal random-mating population with effective size N, the width of the selective sieve (the ratio of the substitution rate relative to the neutral expectation) for a deleterious nuclear mutation is approximately o,, = 2sN/(e2syN -l), where s is the fractional reduction in fitness in a homozygous mutant. For a population with a 1: 1 sex ratio, the width of the selective sieve for a uniparentally inherited organelle genome is approximately o,~ = sN/(esN -1 ), where again N denotes the effective population size for nuclear genes. If Ns = 1, then o,, = 0.31 and o,, = 0.58, whereas if Ns = 3, then o,, = 0.01 and o,, = 0.16. Because the preceding expressions ignore complications due to linkage disequilibrium, they underestimate the true width of the selective sieve for deleterious mutations (Lynch, Conery, and Burger 1995a, 1995b ), but more so for genes in organelles. The estimated sieve widths are further underestimated due to the assumption of additivity of mutational effects, but the bias is again almost certainly most pronounced for the organelle genes. Mildly deleterious mutations are usually slightly recessive (Lynch and Walsh 1997) , and this enhances their probability of fixation due to the fact that they are slightly sheltered from selection when at low frequency. Because the number of organelle genomes per cell is typically on the order of hundreds to thousands (compared to two for diploid nuclear genomes), the phenotypic effects of a single mutation may be essentially zero until the intragenomic frequency has risen to a moderate level (Shoubridge 1994) . Taking these considerations into account, the preceding computations show that for deleterious mutations with effects on the order of l/N, the decrease in the effective population size for organelle genes can generate an inflation in the width of the selective sieve of the order recorded in table 4.
Deleterious mutations with selection coefficients on the order of l/N pose the greatest threat for extinction via a mutational meltdown, as such mutations have the highest possible negative effects that still allow an appreciable chance of fixation Lande 1994 ). Mutations with s < l/N essentially go to fixation at the maximum (neutral) rate regardless of the mode of propagation (o,~ = o,, = 1) but have minimal effects on individual fitness. Mutations with s >> l/N are efficiently eliminated from all populations, although slightly less so from asexuals.
Although it might be argued that the deleterious mutations in organelles are more tolerable than those in nuclear genomes (i.e., S,, < &), this would not eliminate the vulnerability of organelle lineages to the con- sequences of long-term deleterious-mutation accumulation unless & = 0. Moreover, there is no compelling evidence for the idea that s,, C Q,. That organelle mutations are subject to selection is indicated by the fact that w < 1 in all cases except for the plant mitochondrion. Applying the preceding expressions to the estimated widths of the selective sieve given in table 4 allows a more explicit (although crude) statement. Estimates of &N and S,,N can be solved for, and taking ratios of these eliminates N, yielding &,/S,, = 1.4 for mammals and 0.9 for both invertebrates and yeast, and &&u = 1.9 for chloroplasts. For reasons given above, these ratios are probably downwardly biased. These results continue to support the hypothesis that organelle lineages are subject to slow and very long term fitness decline. At the level of entire kingdoms, lineage sorting (i.e., the differential extinction of species with particularly impaired organelle function) can be expected to further slow the rate of fitness decline in the global population of mitochondria and chloroplasts. If this actually occurs, then at least some of the background extinction rate observed in the fossil record may be a consequence of genetic phenomena such as the mutational meltdown Lynch, Conery, and Burger 1995a, 199%) .
With the substantial increase in the sophistication of the tools of molecular biology, these ideas should be testable in the near future. For mitochondrially encoded molecules for which the functional morphology and natural history are well understood, it should be possible to hypothesize molecular alterations that would improve functional efficiency, to engineer an organelle genome including such modifications, and to assay its bearers to evaluate whether fitness characteristics are indeed improved. A logical test for the ideas presented here on tRNAs would be to alter an organelle gene sequence toward that of its nuclear counterpart.
A few empirical studies, somewhat different in design than that suggested, have been done (Ueda, Ohta, and Watanabe 1985; Kumazawa et al. 1989 Kumazawa et al. , 1991 , and they have yielded results consistent with the idea that mammalian mitochondrial tRNAs are functionally less efficient than those found in nuclear and bacterial genomes. A prediction of the deleterious-mutation hypothesis is that the functional efficiency of essentially all organelle genes, not just those known to contribute to observable genetic disorders, could be improved by genetic engineering.
